Low temperature induces several genes to acquire plant cold tolerance. Here, we demonstrate that accumulation of SA (salicylic acid) is involved in the regulation of the DREB1A /CBF3 regulon and plant tolerance to cold stresses. The SA-accumulating mutant siz1 exhibits sensitivity to chilling and freezing conditions and decreased expression of DREB1A /CBF3 and its regulon genes.
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To activate DREB1A/CBF3-dependent cold signaling, ICE1 is posttranslationally modified by SUMO (small ubiquitin-related modifier; Miura et al., 2007a; Miura and Hasegawa, 2008) . SUMO conjugation to substrate proteins (sumoylation) is a reversible posttranslational modification (Miura et al., 2007b) . Sumoylation of ICE1 positively regulates expression of DREB1A/CBF3 and the genes of its regulon and increases cold tolerance (Miura et al., 2007a) . In general, SUMO modification modulates transcription factor activity to coordinate the gene expression that is necessary for development and for hormonal and environmental responses (Miura et al., 2007b) .
Sumoylation undergoes in a series of biochemical steps; SUMO-specific E1-activation, E2-conjugation, and E3-ligation enzymes (Miura et al., 2007b) . Two SUMO E3 ligases, SIZ1 (SAP and Miz1) and HPY2 (high ploidy2)/AtMMS21 (methyl methanesulfonate sensitive21), have been identified in Arabidopsis (Miura et al., 2005; Ishida et al., 2009) . The Arabidopsis SIZ1 has been functionally linked to many plant responses, including phosphate starvation, growth, cold signaling, basal thermotolerance, SA (salicylic acid)-mediated signaling for plant defense, flowering, and ABA (Miura et al., 2005; Yoo et al., 2006; Catala et al., 2007; Lee et al., 2007; Miura et al., 2007a; Saracco et al., 2007; Jin et al., 2008; ).
During chilling conditions, wild-type Arabidopsis shoots slowly accumulate free SA and glucosyl SA (Scott et al., 2004) . Arabidopsis plants transformed with the bacterial SA hydroxylase gene nahG have reduced amounts of SA (Yamamoto et al., 1965) and grow much larger than wildtype plants at 5°C (Scott et al., 2004) . The SA-deficient eds5 (enhanced disease susceptibility 5) mutant likewise exhibits more growth than wild type under cold condition (Scott et al., 2004) . In contrast to nahG and eds5 plants, the cpr1 (constitutive expresser of PR (pathogenesis-related) gene1) mutation enhances SA accumulation and causes a strong reduction in growth under low temperatures (Scott et al., 2004) . These results suggest that SA is one of phytohormones contributing to growth inhibition under low temperatures. Both winter and spring wheat has decreased whole plant survival after freezing stress when SA is hydroponically applied (Horváth et al., 2007) . However, if SA is sprayed onto the leaves, freezing tolerance is promoted in winter wheat (Tasgín et al., 2003) , suggesting that the effect of SA might be tissue-specific.
To understand the relationship between the internal SA level and cold response/signaling, we investigated the freezing and chilling tolerances of siz1-2, nahG, and siz1-2 nahG plants. siz1-2 accumulates SA, while siz1-2 nahG has reduced internal SA levels (Yoo et al., 2006; Lee et al., 2007) . The SA-accumulating mutant siz1-2 exhibited enhanced cold sensitivity, as described 7 were incubated at 4°C for 7 days. Whole plant freezing tests were performed as described (Miura et al., 2007a) . For chilling assays, 3-week-old plants were incubated at 4°C for 4 weeks.
Measurement of electrolyte leakage
Electrolyte leakage test was performed as described (Miura et al., 2007a) . Briefly, a leaf harvested from fifth and sixth rosette leaves of 3-week old non-or cold-acclimated plants was used. The leaf was put into a tube containing 200 L deionized water, and an ice chip was added to the tubes to initiate nucleation. The tubes was incubated in a refrigerated circular bath (TRL-N11LP, Thomas, Tokyo, Japan) programmed by continuous reduction of -1°C per 30 min. Each tube was removed from the bath and incubated on ice to thaw, and 15 mL of deionized water was added and shaken overnight. The conductivity of the solution was determined with conductivity meter CD-4302 (Lutron).
RNA isolation and real-time quantitative PCR analysis
For quantitative RT-PCR analysis, 3 μg of RNA from 10-day-old seedlings with or without cold treatment were used as template for first-strand cDNA synthesis using High-Capacity cDNA Reverse Transcription Kits (Applied Biosystems). Real-time PCR was performed with SYBR Three-week-old wild-type, siz1-2, nahG, and siz1-2 nahG plants were incubated at 4°C for 4 weeks to check chilling sensitivity. nahG plants grew better after the chilling treatment than wildtype plants ( Figure 1E ) as described (Scott et al., 2004) , even though no significant difference between wild-type and nahG plants under normal condition (not shown). On the other hand, leaves of siz1-2 exhibited necrosis, which is a typical symptom of chilling sensitivity, but necrosis was not observed in the other genotypes ( Figure 1E ). The nahG expression suppressed siz1-2 hypersensitivity to chilling ( Figure 1E ). These results suggest that SIZ1 controls cold tolerance through regulation of SA accumulation.
Down-regulation of cold inducible genes in siz1 is suppressed by nahG
Induction of cold-responsive genes through cold signaling is important for cold tolerance (Zhu et al., 2007) . Low temperatures transiently induce DREB1/CBF expression and increase transcript levels of DREB1/CBF-regulon genes. Of the three DREB1/CBF genes, DREB1A/CBF3 is mainly controlled by sumoylated ICE1 and is substantially down-regulated in siz1 (Chinnusamy et al., 2003; Miura et al., 2007a ). So we tested expression level of DREB1A/CBF3 and its regulon genes, COR47, and KIN1 in wild-type, siz1-2, nahG, and nahG siz1-2 seedlings. Transcript accumulation of these genes was down-regulated in siz1-2 and was recovered by the introduction of nahG into siz1-2 (Figure 2) . Plants with the nahG expression exhibited both increased cold tolerance ( Figure 1 ) and increased transcript levels of these genes under low temperature conditions (Figure 2 ) compared with wild-type plants.
Expression of SA regulated genes is controlled by SIZ1-ICE1-dependent pathway
Because SIZ1 mediates sumoylation of ICE1 to control cold signaling (Miura et al., 2007a) , we hypothesized that ICE1-dependent cold signaling is mediated by SA. Microarray analyses reveal that several SA-inducible and pathogen defense genes were up-regulated in siz1-2 under normal conditions (Lee et al., 2007) . For example, genes encoding pathogenesis-related PR1 protein, chitinase, osmotin-like protein, glutathione-S-transferase, and peroxidases were highly expressed in siz1-2 plants ( Lee et al., 2007) . To compare expression levels of these genes under cold and Pseudomonas syringae treatment, in the ice1 and cpr5 mutants, we extracted the expression patterns of these genes from Genevestigator database ( Fig. 3 ; Zimmermann et al., 2004) . The cpr5 mutant accumulates high levels of SA without any treatment (Bowling et al., 1997) . The expression patterns of the genes highly expressed in siz1-2 mutant were almost overlapped with those in the cpr5 mutant, demonstrating that these genes are typical SA-and disease-responsive genes ( Figure   3A ). Interestingly, most of these genes were up-regulated in ice1 as well as in cpr5 and siz1-2 mutants under unstressed condition ( Figure 3A) . To confirm up-regulation of SA-regulated genes in ice1, expression levels of PR1 and At1g17170 were measured by real-time quantitative RT-PCR analysis. The expression of these genes was up-regulated in ice1 as were in siz1-2 ( Figure 3B ).
Cold treatment also increased expression levels of these genes ( Figure 3A) , consistent with coldinduced accumulation of SA (Scott et al., 2004) . These results implicate that there is a relationship between ICE1-dependent cold signaling and SA accumulation and/or responses and SA should be downstream of ICE1 in cold signaling.
Because SIZ1 is a SUMO E3 ligase and sumoylated proteins were substantially decreased in planta (Miura et al., 2005) , SUMO1 conjugation pattern in wild-type, siz1-2, nahG, and siz1-2 nahG plants was investigated. As described (Miura et al., 2007) , SUMO1 conjugation was increased by cold treatment (Figure 4) . Similar pattern was observed in nahG plants (Figure 4) .
Because SUMO E3 ligase activity is disrupted by the siz1-2 mutation, SUMO1 conjugation was substantially decreased in siz1-2 nahG as well as siz1-2 (Figure 4) . These results suggest that accumulation of SUMO1 conjugation is not a major factor to enhance SA accumulation.
SA is one of factors to regulate freezing tolerance
indicating that this DREB1/CBF-dependent signaling pathway for cold tolerance constitutes a different pathway form the DELLA-mediated growth retardation pathway. And SA may be regulated by this signaling pathway for cold tolerance, independent of DELLA-mediated growth retardation.
Our present results demonstrate an aspect that ICE1-dependent cold signaling represses accumulation of SA. Accumulation of SA drastically reduced cold tolerance and the expression of DREB1A/CBF3 and its regulon genes (Figure 1, 2) . This reduction was suppressed by removal of SA (Figure 1, 2) . Because the ice1 mutation up-regulates expression of SA-inducible genes, ICE1-dependent pathway may suppress SA accumulation. SA accumulated mutants, such as siz1-2, acd6, cpr1, and cpr5, exhibits dwarf-like phenotype (Bowling et al., 1994; Bowling et al., 1997; Rates et al., 1999; Saracco et al., 2007) . And the ice1 mutant also shows dwarf-like phenotype (Chinnusamy et al., 2003) . It is likely that there is a linkage between SA accumulation and cold signaling and that SA is located at downstream of ICE1 in cold signaling. Shown are in planta sumoylation profiles of 10-day-old wild-type, siz1-2, nahG, and siz1-2 nahG seedlings that were grown on medium at 23ºC and then incubated at 0ºC for 3 h. Immunoblot analysis was performed with anti-SUMO1 antibody. (A) Non-acclimated or cold-acclimated wild-type (WT), acd6, nahG, and acd6 nahG plants were exposed for 4 h to the temperature indicated. Photographs are taken 7 day after freezing treatment.
(B) Survival ratio was determined for non-acclimated or cold-acclimated plants after freezing
